Objective: We aimed to evaluate the contribution of acinar-to-ductal metaplasia (ADM) to the accumulation of cells with a ductal phenotype in cultured human exocrine pancreatic tissues and reveal the underlying mechanism.
T he exocrine pancreas consists mainly of 2 types of epithelial cells, acinar and ductal cells. Both acinar and ductal cells are differentiated from the same progenitor cells during development. 1, 2 Under normal physical conditions, ductal cells form the afferent system that delivers digestive enzymes produced by acinar cells. Acinar-to-ductal metaplasia (ADM) has frequently been observed in pancreatitis and pancreatic ductal adenocarcinoma, which is characterized by the replacement of acinar tissues with newly generated duct structures in the pancreas. 3, 4 Recent studies suggest that these duct structures are composed of ductal-like cells transdifferentiated from acinar cells. 5, 6 Moreover, ADM has been proposed to play an important role in tissue regeneration after pancreatic injury, as well as in pancreatic ductal adenocarcinoma initiation, [7] [8] [9] raising the interest in revealing the underlying molecular mechanism promoting ADM and the unique features of ADM cells.
While the ADM process can be monitored in vivo with mouse models, 5 ,10,11 studies on human ADM still largely depend on in vitro culture models. [12] [13] [14] It has long been known that cells with ductal-like phenotypes are enriched during the conventional 2-dimensional (2D) culture of primary human exocrine pancreas tissues. 12, 13, 15, 16 We and others have demonstrated the cellular plasticity of primary human pancreatic acinar cells. 12, 17 However, the contribution of the ADM process to this culture-induced "enrichment" has not been determined, limiting the usage of this model to study the molecular mechanism inducing human ADM. We have recently developed a flow cytometry-based, high-resolution lineage tracing method for human primary exocrine pancreatic tissues, 17 which can readily identify and purify viable acinar, ductal, and ductal-like cells derived from acinar cells (AD cells). We showed that human exocrine tissue clusters cultured in a 3-dimensional (3D) condition can undergo ADM with transforming growth factor β (TGF-β) treatment. In this study, we focused on using this method to evaluate the ADM of human primary tissues during 2D culture and reveal the underlying mechanisms.
MATERIALS AND METHODS

Cell Preparation and Cell Culture
Human islet-depleted cell fractions were obtained from healthy, nondiabetic organ donors deceased because of acute traumatic or anoxic death by the Surgery Department, University of Pennsylvania School of Medicine, and by Prodo Laboratories, Inc (Aliso Viejo, Calif ), which were then shipped overnight to our laboratory. The total number of donor tissues used in this study was 26. Tissues were maintained as previously described. 17 The cell fractions were washed with phosphate-buffered saline (PBS) and incubated for 30 minutes with 100 μg/mL fluorescein isothiocyanate (FITC)-conjugated UEA-1 (L9006; Sigma-Aldrich, St Louis, Mo) in CMRL media without serum. The tissue culture plates were precoated with 5% Matrigel (354230; Corning, Bradford, Mass) to improve attachment. Tissues stained by UEA-1 were cultured in a serum-free advanced DMEM/F-12 medium supplemented with 10 μM Y27632 (Rock inhibitor). Transforming growth factor β1 and activin A were used at final concentrations of 5 and 200 ng/mL, respectively. To inhibit the activation of signaling pathways, tissues were treated with indicated inhibitors. All inhibitors were purchased from Selleckchem (Houston, Tex). SB431542 (S1067) and LY2157299 (S2230) were used at a final concentration of 1 μM. The media was changed daily for all experiments.
Isolation of Mouse Primary Pancreatic Acinar Cells, 3D Culture, and Quantification
Our protocol for isolation of mouse primary pancreatic acinar cells has been previously described in detail. 18 For 3D culture, acinar cells were seeded in a mixture of rat tail collagen I/Waymouth media without supplements on cell culture plates coated with rat tail collagen I (BD Biosciences, San Jose, Calif ). Transforming growth factor α (R&D Systems, Minneapolis, Minn) or TGF-β1 (Preprotech, Rocky Hill, NJ) were added to the media on top at 50 ng/mL. At the end point, viability of cells was confirmed using Hoechst 33342 (Invitrogen, Carlsbad, Calif). All samples/experimental conditions were performed in triplicates, and after 5 days of 3D culture, numbers of ducts per field (whole well) for each condition were determined, and photographs were taken to document cellular structures. The experiment was performed in 3 replicates using pancreata of different individual mice.
Flow Cytometry Analysis and Cell Sorting
Flow cytometry assays were performed with BD LSRII (BD Biosciences), and cell sorting experiments were performed with BD Accuri (BD Biosciences). 17 The cells were washed with PBS and trypsinized with 0.05% trypsin-EDTA solution (Life Technologies, Grand Island, NY) for 5 minutes. Cells were washed with FACS buffer (10 mM EGTA, 2% fetal bovine serum in PBS) and collected by centrifugation. The pellet was then digested in a 1 U/mL dispase solution (Life Technologies) containing 0.1 mg/mL DNaseI in PBS at 37°C for 5 minutes. Cells were washed and suspended in FACS buffer for further subsequent antibody staining for flow cytometry. The data were analyzed with FlowJo software (V9.9.5; FlowJo, LLC, Ashland, Ore).
For cell sorting, trypsin digestion was stopped by adding serum. Dissociated cells were passed through a 40-μm cell strainer and stained with biotin-conjugated CD133 antibodies (clone AC133 and 293C3; Miltenyi Biotec, Auburn, Calif ) for 15 minutes at 4°C. After washing, cells were stained with APC-conjugated streptavidin, Pacific blue-conjugated CLA, and 7AAD (BioLegend, San Diego, Calif ) for 15 minutes at 4°C. Cell pellets were collected by centrifugation and washed with PBS after each staining step. The cells were sorted using a FACS Aria II (BD Biosciences) and collected in 100% fetal bovine serum. After sorting, cells were washed with serum-free advanced Dulbecco modified Eagle medium (DMEM)/ F-12 media (Life Technologies) and resuspended in ice-cold advanced DMEM/F-12 media.
For sphere formation, 30 μL of growth factor-reduced Matrigel was then added to a 30-μL cell suspension (8000 cells), and the mixture was placed around the bottom rim of each well in 48-well plates. After solidification at 37°C for 60 minutes, each well was overlaid with 300 μL of advanced DMEM/F-12 media supplemented with recombinant human (rh) Epidermal growth factor (50 ng/mL; Sigma-Aldrich), rhR-spondin I (500 ng/mL; R&D Systems), rhFGF10 (50 ng/mL; R&D Systems), recombinant mouse Noggin (100 ng/mL; R&D Systems), and 10 mM nicotinamide. Media was changed twice per week. For the 2D culture, 96-well plates were coated with 5% Matrigel. The sorted cells were suspended in advanced DMEM/ F-12 media supplemented with 5% serum and 10 μM Y27632 for 24 hours. Thereafter, cells were cultured in serum-free advanced DMEM/F-12 media supplemented with 10 μM Y27632. For the 3D-on-top culture, 96-well plates were coated with 50% Matrigel to form a thick layer on which cells were seeded.
cDNA Preparation and Quantitative Reverse Transcription-Polymerase Chain Reaction Analyses
Total RNA was prepared using a Direct-zol RNA miniprep kit (Zymo Research, Irvin, Calif ) and used for cDNA synthesis using a high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, Calif ), according to the manufacturer's protocol. Relative mRNA levels were measured by quantitative reverse transcription-polymerase chain reaction (qRT-PCR) for each cDNA in duplicate with iTaq Universal SYBR Green Supermix (BioRad, Hercules, Calif) and the CFX96 real-time system (Bio-Rad). Normalizations across samples were performed using 18s RNA primers. Information regarding the primer and probe sets is available upon request.
Statistical Analysis
Data are presented as mean (standard deviation [SD]). P values were acquired with the Student's t-test or 1-way analysis of variance using Prism (V6; GraphPad Software, La Jolla, Calif ), and P < 0.05 is considered statistically significant.
RESULTS
Characterization of ADM in Human Pancreatic Exocrine Tissue in 2D In Vitro Culture
Culture-induced "enrichment" of cells with a ductal phenotype in the primary human exocrine pancreas has been well documented. 12, 15, 16 Acinar-to-ductal metaplasia has been proposed to contribute to this "enrichment"; however, the underlying mechanism is not clear. 12 Taking advantage of our recently developed method, 17 we monitor ADM during 2D culture and investigate the underlying mechanisms.
A lectin UEA-1 was found to specifically and stably bind to human acinar cells. 12, 17 We prestained human exocrine pancreatic tissue with FITC-conjugated UEA-1 and cultured these tissues on plates precoated with 5% Matrigel in a serum-free medium. We analyzed the UEA-1 expression by flow cytometry over a period of 6 days and found that the UEA-1 staining intensity remained unchanged, suggesting that UEA-1 stably binds to acinar cells and that acinar cells do not proliferate. However, we observed that acinar cells gradually gained CD133 expression when cultured (Fig. 1A) . More specifically, almost all UEA-1 high cells were CD133 negative on day 1, consistent with their acinar origin. On day 3, only a few UEA-1 high CD133
+ cells could be detected by flow cytometry analysis. However, by day 5, a large population of UEA-1 high cells had gained expression of CD133, indicating that a significant portion of the acinar cells acquired ductal-like features during the culture (Fig. 1A) . However, the UEA-1 high CD133 + cells were negative for CLA staining, a ductal marker that we identified previously, suggesting that these cells are different from ductal cells (Fig. 1A) . The cell surface staining of ductal cells remained unchanged during the culture. Although we found that all samples analyzed had undergone ADM, the frequencies of this conversion varied among the samples from 59% to 88% of the acinar population (n = 8), possibly due to heterogeneity among the donors from whom the tissues were derived.
Next, we compared the gene expression of acinar and ductal markers for UEA- 
CD133
+ cells showed a dramatic down-regulation of acinar specific genes AMY2B and PTF1a, with a concomitant significant up-regulation of ductal specific genes SOX9 and CK19 (Fig. 1B) . However, carbonic anhydrase II, a ductalspecific enzyme, did not show a significant up-regulation, further indicating that AD cells are different from ductal cells.
We have previously shown that TGF-β treatment in 3D culture induced ADM and transiently activated the proliferation of AD cells. 17 To test whether 2D culture-induced ADM also activated the proliferation of AD cells, we sorted AD cells and acinar cells from the tissues cultured under 2D conditions for 5 days (n = 3). Similar to a previous study, 17, 19 whereas acinar cells did not form spheres, AD cells could form small spheres by day 7 and began to die after 10 days in culture. In contrast, ductal cells continuously proliferated to form big ring-like spheres (Fig. 1C) .
TGF-β Signaling Pathway Mediates ADM in 2D Cultured Cells
We have previously demonstrated that TGF-β1 treatment induced ADM of human primary pancreatic acinar cells in 3D culture. Thus, we tested whether the ADM occurring in 2D culture was mainly due to the activation of the TGF-β signaling pathway. Primary tissues were stained with UEA-1-FITC and cultured under 2D conditions for 5 days in the absence or presence of the TGF-β receptor 1 inhibitors, SB431542 (1 μM) or Ly2157299 (1 μM). As shown in Figure 2A (n = 3), both inhibitors almost completely abolished the conversion of acinar cells to CD133 + ductal-like cells induced by 2D culture, similar to a previous study. 14 We also treated the primary tissues with TGF-β1 in 2D culture for 3 days (n = 3). While the majority of acinar cells in the untreated groups remained to be CD133 negative at this time point, a large population of acinar cells gained the CD133 expression after TGF-β1 treatment (Fig. 2B) . Taken together, these data suggest that activation of this pathway was essential for 2D culture to induce ADM in a serum-free condition.
Activation of the nuclear factor κB (NF-κB) and Matrix metalloproteinase (MMP) pathways has been shown to play an important role in ADM induction in murine acinar cells. 18 We tested whether these 2 pathways are also required for human ADM induction. The human exocrine pancreatic fractions were cultured in the presence of NF-κB or MMP inhibitors for 5 days (n = 3). We found that these inhibitors showed no significant effect on ADM induction in human pancreatic acinar cells (Fig. 2C) , suggesting the minor role of these pathways in 2D culture-induced ADM of human cells.
It has been reported that mouse acinar cells that undergo ADM mainly depend on the Epidermal growth factor/TGF-α signaling pathway. 3, 20 Although data have hinted that mouse acinar cells may not respond to TGF-β, no published data show whether mouse ADM can be induced by TGF-β. Thus, we tested whether TGF-β signaling promotes ADM of mouse cells. Mouse pancreatic acinar clusters were embedded in 3D fibrillary collagen 18 and treated with TGF-β1 for 5 days. Cells treated with TGF-α were used as a positive control. As shown in Figure 2D , whereas TGF-α treatment induced ADM in mouse acinar cells to form ductal-like structures, TGF-β1 treatment did not. These data confirmed that mouse acinar cells do not undergo ADM by the TGF-β signaling pathway, further emphasizing the difference in inductive signals of ADM in human and mouse cells.
Ductal Cells Secrete TGF-β to Induce ADM in 2D Cultured Cells
Our 2D culture conditions were serum-free and had no exogenous TGF-β; thus, we speculated that exocrine tissues might secrete these factors to induce ADM during the culture. We first tested whether TGF-β neutralization protein BGeRII 21 could block culture-induced ADM in 2D cultured cells (n = 3). As shown in Figure 3A , the addition of BGeRII strongly attenuated ADM in 2D culture, indicating the presence of TGF-β in 2D culture.
We then questioned whether the source of TGF-β was acinar or ductal cells. To address this, we sorted acinar and ductal cells from fresh human exocrine tissues by flow cytometry and cultured them in the same serum-free medium for 6 days (n = 3). We found ) showed no significant change in CD133 and CLA expression during culture (n = 8). B, The AD cells expressed significantly higher levels of ductal-specific genes (CK19 and SOX9) and lower levels of acinar-specific genes (AMY2B and PTF1a) than acinar cells (n = 3). Data represent mean (SD) from 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. C, Sphere formation assay for cells sorted from 2D culture. Ductal cells proliferated continuously to form large spheres, and acinar cells could not form spheres; AD cells acquired the ability to proliferate transiently to form small spheres (arrowhead).
that sorted acinar cells underwent ADM much slower than did unsorted cells when cultured in 2D conditions (Fig. 3B) . We reasoned that either the ductal cells secreted factors or that direct contact with ductal cells induced acinar cells to make TGF-β. To test whether ductal cells secretes TGF-β to induce ADM of acinar cells, we sorted ductal cells and cultured them for 6 days in serum-free media (n = 3). We then collected conditioned media from sorted ductal cells and used it to culture freshly sorted acinar cells in a 2D condition. Interestingly, the conditioned media promoted the transition of acinar cells to CD133-positive AD cells (Fig. 3B) . Moreover, adding BGeRII to the conditioned media diminished the ADM-inductive effect (Fig. 3B) , suggesting that TGF-β was in the ductal cells conditioned media. To test whether 2D culture could induce TGF-β1 in human ductal cells, we measured the TGF-β1 mRNA levels in the acinar and ductal cells sorted before and after culture. As shown in Figure 3C , cultured ductal cells expressed significantly higher levels of TGF-β1 than did other cells (n = 3). These data together suggest that 
CD133
+ cells (red, AD cells) in the presence of MMP and NF-κB inhibitors (n = 3). D, Primary mouse pancreatic acinar cells were isolated from wild-type mice and seeded in 3D collagen explant culture in presence of TGF-α (50 ng/mL) or TGF-β1 (50 ng/mL) as indicated. At day 5, bright-field photographs were taken. E, The numbers of duct-like structures were counted. Data represent mean (SD) from 3 independent experiments. *P < 0.05. 
TGF-β-independent ADM Inductive Effect of Serum
Serum has been used for cell culture and can maintain cells healthier. We examined whether serum could induce ADM in human tissues. As shown in Figure 4A , adding serum induced a modest but reproducible ADM in tissues cultured for 5 days. We further tested whether blocking TGF-β signaling pathway can abolish this effect of serum by treating the culture with TGF-β receptor I inhibitor SB431542. Interestingly, although SB431542 treatment almost completely blocked ADM in tissues cultured in a serum-free condition, we found a fraction of cells underwent ADM in tissues cultured in serum with the treatment of SB431542. To further confirm the TGF-β-independent effect of serum in the induction of ADM in human acinar cells, we sorted acinar cells to culture for 5 days in a serum-containing medium with and without SB431542. As shown in Figure 4B , the acinar cells did not gain CD133 expression when cultured with a serum-free medium. However, CD133 expression was induced in a fraction of acinar cells cultured with a serum-containing medium. Moreover, this induction effect could not be completely blocked by SB431542 treatment, supporting the TGF-β-independent effect of serum to induce ADM in human cells. These data suggest that TGF-β signaling pathway remains the major mechanism promoting ADM in human tissues cultured with a serum-containing medium, but serum can induce ADM independent of the TGF-β pathway.
DISCUSSION
Using the flow cytometry-based lineage tracing method, we showed that the frequency of CD133-positive cells increased in human primary exocrine pancreatic tissues during 2D culture. This is consistent with the well-known observation that culturing cells can induce the "enrichment" of cells with a ductal-like phenotype in human primary exocrine pancreatic tissues. 15, 16 Although we and others have demonstrated that primary human pancreatic acinar cells could undergo ADM to become ductal-like cells, 12, 17 whether ADM is one of the major reasons for this cultureinduced "enrichment" is controversial. 13, 15, 16 Previous studies have proposed that the enrichment of cells with a ductal phenotype was due to the selective survival and expansion of ductal cells. 13, 16 However, our data showed a large proportion of CD133-positive cells in cultured primary human exocrine pancreatic cells were derived from acinar cells. Moreover, qRT-PCR analysis revealed the up-regulation of ductal markers (SOX9 and CK19) and downregulation of acinar markers (AMY2B and PTF1a) in these acinarderived, CD133-positive cells. Taken together, these data strongly suggest that ADM is one of the major contributors to 2D cultureinduced "enrichment" of ductal-like cells.
Consistent with the previous studies, 14 we found that SB431542 or LY2157299 strongly blocked ADM induced by 2D culture, indicating ADM induction is mediated by the activation of the TGF-β signaling pathway. We found TGF-β1 treatment dramatically accelerated ADM in the 2D culture condition. Nevertheless, we found that depletion of TGF-β by neutralizing proteins blocked 2D culture-induced ADM, suggesting TGF-β is the major factor for 2D culture-induced ADM. Although TGF-β1 could efficiently induce ADM of human cells, it failed to promote ADM formation of mouse acinar cells, highlighting the presence of the difference between human and mouse.
We further demonstrated that TGF-β secreted by ductal cells is the major paracrine factor for ADM induction in our culture systems. Interestingly, ductal epithelia are also the main cellular sources of TGF-β1 in chronic obstructive pancreatitis, 22 increasing the possibility that ductal cell secretion of TGF-β1 might play an important role in ADM induction during pancreatitis. Nevertheless, FIGURE 4 . Transforming growth factor β-independent ADM-inductive effect of serum on primary human pancreatic acinar cells. A, Serum enhanced the ADM induction in primary human tissues cultured in vitro. Transforming growth factor β receptor inhibitor did not completely block the ADM of human tissues cultured with serum-containing medium. B, A fraction of sorted acinar cells gained CD133 expression when cultured with serum-containing medium. This inductive effect could not be completely blocked by TGF-β receptor inhibitor treatment.
we cannot exclude the possibility that other cells, such as infiltrating immune cells and activated stromal cells, 23, 24 also secrete TGF-β in pancreatitis. 25 Our data suggest that TGF-β is a potent ADM inducer for primary human pancreatic acinar cells, at least under in vitro culture conditions. The pathological relevance of this observation needs to be further tested in future studies. Indeed, we found that tissues cultured with serum-containing medium showed enhanced ADM induction when compared with human tissues cultured under serum-free conditions. Importantly, although inhibiting the activation of the TGF-β pathway dramatically suppressed ADM in human tissues during in vitro culture, it did not affect the modest but reproducible ADM-inductive effects of serum. These data indicate that additional unidentified pathways can promote ADM in human cells, which may also have important pathological functions in human disease development. Further studies are needed to reveal these pathways.
